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c‐Kit
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EMT

:   epithelial‐to‐mesenchymal transition
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:   genetically engineered mouse model
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:   head and neck squamous cell carcinoma
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:   human papilloma virus
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PI3K

:   phosphatidylinositol 3‐kinase

*PIK3CA*

:   the gene encoding the catalytic subunit of PI3K

*PIK3R1*

:   the gene encoding the regulatory subunit of PI3K

RTK

:   receptor tyrosine kinases

sh

:   short hairpin

SP
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TRK
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1. Introduction {#mol212584-sec-0001}
===============

Head and neck squamous cell carcinoma (HNSCC) refers to cancer derived from the squamous epithelium along the head and neck region, including nasal cavity, oral cavity and tongue, pharynx (nasal pharynx, oropharynx, hypopharynx) and larynx. It affects 650 000 people and claims 350 000 lives worldwide annually (Torre *et al.*, [2015](#mol212584-bib-0065){ref-type="ref"}). In the USA alone, there are 65 000 new cases of HNSCC and 15 000 deaths every year (Siegel *et al.*, [2017](#mol212584-bib-0061){ref-type="ref"}). Tobacco, alcohol and human papilloma virus (HPV) infection are known risk factors for HNSCC (Haddad and Shin, [2008](#mol212584-bib-0023){ref-type="ref"}; Maxwell *et al.*, [2016](#mol212584-bib-0042){ref-type="ref"}). HNSCC is still a deadly cancer with an average of 50% overall 5‐year survival rate (Pulte and Brenner, [2010](#mol212584-bib-0057){ref-type="ref"}). The main reasons for the poor prognosis of HNSCC patients are loco‐regional invasions, treatment resistance, recurrence and metastasis (Leemans *et al.*, [2011](#mol212584-bib-0034){ref-type="ref"}). On initial presentation, \~ 10% of HNSCC cases show metastases and the survival rate for these patients is less than 1 year (Argiris *et al.*, [2008](#mol212584-bib-0002){ref-type="ref"}). Additionally, \~ 30--40% of post‐treated HNSCC patients develop recurrence or metastasis (Argiris *et al.*, [2008](#mol212584-bib-0002){ref-type="ref"}). Thus, therapies controlling HNSCC recurrence and/or metastasis are pivotal to improve poor survival of HNSCC patients.

The phosphatidylinositol 3‐kinase (PI3K) signaling pathway is the most frequently altered oncogenic pathway in HNSCC (Du *et al.*, [2012](#mol212584-bib-0020){ref-type="ref"}; Iglesias‐Bartolome *et al.*, [2013](#mol212584-bib-0026){ref-type="ref"}; Lui *et al.*, [2013](#mol212584-bib-0038){ref-type="ref"}; Pickering *et al.*, [2013](#mol212584-bib-0054){ref-type="ref"}; The Cancer Genome Atlas, [2015](#mol212584-bib-0011){ref-type="ref"}; Vander Broek *et al.*, [2015](#mol212584-bib-0011){ref-type="ref"}). The PI3K is composed of a heterodimer of a p110 catalytic subunit and a p85 regulatory subunit (Thorpe *et al.*, [2015](#mol212584-bib-0063){ref-type="ref"}). Recent whole‐exome sequencing of HNSCC samples has identified mutations (10%) and/or amplification (40%) of the gene encoding the catalytic subunit of PI3K (*PIK3CA*), the gene encoding for p110α subunit of PI3K, making it the most commonly altered oncogene in human HNSCC patients (Iglesias‐Bartolome *et al.*, [2013](#mol212584-bib-0026){ref-type="ref"}; Lui *et al.*, [2013](#mol212584-bib-0038){ref-type="ref"}; Pickering *et al.*, [2013](#mol212584-bib-0054){ref-type="ref"}; The Cancer Genome Atlas, [2013](#mol212584-bib-0054){ref-type="ref"}). To better understand the role of *PIK3CA* in the development and progression of HNSCC *in vivo*, we previously overexpressed *PIK3CA* in the head and neck epithelium using an inducible head‐and‐neck‐specific genetically engineered mouse model (*PIK3CA*‐GEMM) (Du *et al.*, [2016](#mol212584-bib-0019){ref-type="ref"}). We showed that although overexpression of *PIK3CA* was not sufficient to initiate tumorigenesis, it markedly accelerated HNSCC progression, manifested as poorly differentiated and metastatic tumors. These tumors exhibited a phenotype of epithelial‐to‐mesenchymal transition (EMT) and increased gene expression related to EMT and cancer stem cells (CSCs). These data suggested that these two factors might act together to drive tumor invasion and metastasis, thereby promoting HNSCC progression.

The EMT is a process by which epithelial cells lose their cell polarity and cell‐to‐cell adhesion, and gain an elongated, fibroblast‐like morphology. EMT is a fundamental event in developmental morphogenesis (Nieto, [2011](#mol212584-bib-0047){ref-type="ref"}). Cancer cells can hijack the EMT program to gain several functions related to cancer progression, such as enhanced migration and invasion, resistance to anoikis and chemotherapies, generation of immune‐suppressive environments, and gain of CSC properties, or 'cancer stemness' (Brabletz *et al.*, [2018](#mol212584-bib-0008){ref-type="ref"}; De Craene and Berx, [2013](#mol212584-bib-0017){ref-type="ref"}; Nieto, [2013](#mol212584-bib-0048){ref-type="ref"}). CSCs are a small population of stem‐like cancer cells that share the properties of self‐renewal and multipotency with stem cells from normal tissue (Gupta *et al.*, [2019](#mol212584-bib-0022){ref-type="ref"}; Nassar and Blanpain, [2016](#mol212584-bib-0045){ref-type="ref"}; Nguyen *et al.*, [2012](#mol212584-bib-0046){ref-type="ref"})*.* Since CSCs possess self‐renewal and tumorigenic properties, and are in general quiescent and require less nutrients, it is believed that they are more suitable to survive in a harsh environment, resistant to chemo‐radiation therapies, and can be 'seeds' for tumor formation primarily (tumor initiation), secondarily (recurrence) or distantly (metastasis) (Batlle and Clevers, [2017](#mol212584-bib-0003){ref-type="ref"}; Gupta *et al.*, [2019](#mol212584-bib-0022){ref-type="ref"}). Thus, targeting CSCs has recently become a promising target for treatment of primary cancer, treatment resistance, recurrence and metastasis (Brown *et al.*, [2017](#mol212584-bib-0010){ref-type="ref"}; Chen *et al.*, [2017](#mol212584-bib-0013){ref-type="ref"}; Kerk *et al.*, [2017](#mol212584-bib-0029){ref-type="ref"}; Saygin *et al.*, [2019](#mol212584-bib-0059){ref-type="ref"}).

To understand the role of EMT and CSC traits in HNSCC progression, we further investigated these two processes using both murine HNSCC cell‐derived tumors from the *PIK3CA*‐GEMM and human HNSCC cell lines. Our data revealed that *PIK3CA* overexpression promotes EMT and enriches CSCs in both murine and human HNSCC cell lines. Surprisingly, inhibition of *PIK3CA* or key components of the PI3K pathway did not affect the CSC pool. To reveal the molecular mechanism of resistance to PI3K inhibition, we performed a receptor tyrosine kinase (RTK) array and found that multiple RTKs were activated in the *PIK3CA*‐overexpressing murine HNSCC cells. Pharmaceutical inhibitor screening showed that targeting Ephrin receptors (Ephs), tropomyosin receptor kinases (TRKs) or mast/stem cell growth factor receptor (c‐Kit) reduced the CSC population. A multi‐RTK inhibitor named ponatinib, which targets Ephs, TRKs and c‐Kit, completely eliminated CSC population *in vitro* and significantly reduced lung metastasis *in vivo*, suggesting that targeting these RTKs by ponatinib may be an effective therapeutic strategy targeting CSCs in HNSCC with *PIK3CA* amplification.

2. Materials and methods {#mol212584-sec-0002}
========================

2.1. Cell culture {#mol212584-sec-0003}
-----------------

Cells were cultured from either 4‐nitroquinoline 1‐oxide (4NQO)‐induced control tongue SCCs (CUCONs) or 4NQO‐induced *PIK3CA*‐GEMM tongue SCCs (CU110s). Tumor tissues were minced with a blade and digested in 0.35% collagenase (Gibco, Carlsbad, CA, USA) followed by two rounds of 1% trypsin digestion at 37 °C. Single cells were obtained through a cell strainer (70 µm nylon; BD Biosciences, Franklin Lakes, NJ, USA) and plated at 1 × 10^5^ per mL in 10‐cm dishes. The authentication of the cultured cells was validated by the transgene‐specific genotyping PCR. The CU110 and CUCON cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Corning Cellgro, Corning, NY, USA) supplemented with 10% FBS (Sigma‐Aldrich, St. Louis, MO, USA), streptomycin (100 mg·mL^−1^) and penicillin (100 IU·mL^−1^) in a 5% CO~2~ incubator (37 °C).

UMSCC cell lines were obtained from the University of Michigan and VU cell lines from Vrije University in the Netherlands under MTA agreements. Human HNSCC cell lines UM‐SCC‐1, UM‐SCC‐2, UM‐SCC‐47, VU1131, VU1365, Fadu, LNM1, Tu167, HN6, CAL27, M4C and M4E were obtained and cultured as recommended by protocols provided by University of Michigan, Vrije University or ATCC. These cells were cultured in DMEM (Corning Cellgro) supplemented with 10% FBS (Sigma‐Aldrich), streptomycin (100 mg·mL^−1^) and penicillin (100 IU·mL^−1^) in a 5% CO~2~ incubator (37 °C).

2.2. Cell proliferation assay {#mol212584-sec-0004}
-----------------------------

For the cell proliferation assays, cells were seeded in 12‐well plates at a density of 5 × 10^4^ cells per well in triplicate. Cells were then counted with a Vi‐CELL cell counter (Beckman Coulter, Brea, CA, USA) at different time points. Briefly, cells in each well were harvested by treating with trypsin. An 800‐μL diluted cell suspension was used for the cell viability analysis with a Vi‐CELL counter. We also used Cell Counting Kit‐8 (Dojindo, Kumamoto, Japan) to quantify cell proliferation and viability according to the manufacturer's manual. Briefly, 6 × 10^3^ cells were seeded into each well of 96‐well plate. After different time points, 100 µL of Cell Counting Kit‐8 reagent was added to each well and incubated at 37 °C for 1.5 h. The plate was then read by plate reader (BioTek Synergy II, Winooski, VT, USA) at 450 nm.

2.3. Stable knocking down using lentiviral‐based shRNA {#mol212584-sec-0005}
------------------------------------------------------

The following lentiviral‐based vectors containing short hairpin (sh)‐RNA were purchased from Sigma‐Aldrich (Table [S1](#mol212584-sup-0002){ref-type="supplementary-material"}). For lentiviral transfection, 2.2 × 10^4^ CU110 cells (or 3.5 × 10^4^ cells for Fadu/UMSCC47) were plated in each well of a 6‐well plate and virus‐containing media with 8 mg·mL^−1^ polybrene (Millipore, Burlington, MA, USA) was added on the second day. Forty‐eight hours later, complete media with puromycin (10 mg·mL^−1^ for CU110 cells and 2 mg·mL^−1^ for Fadu/UMSCC47 cells) was added. Cells were cultured with puromycin for 1 week to eliminate non‐transduced cells. Knockdown efficiency was determined by quantitative real‐time PCR and western blotting analysis.

2.4. HNSCC sphere formation assay {#mol212584-sec-0006}
---------------------------------

Either murine or human HNSCC cells or cells pretreated with inhibitors were suspended at a density of 4.0 × 10^5^ cells mL^--1^ in serum‐free DMEM (Corning Cellgro) medium and seeded into 96‐well ultralow attachment plates (Corning Incorporated, Corning, NY, USA) as 150 µL per well. Cells were cultured in a 5% CO~2~ incubator (37 °C). After 48 h, spheres (Sphe) (≥ 1.5 μm) were counted as an HNSCC Sphe‐forming unit using a bright‐field microscope (Leica, Wetzlar, Germany). The data were presented as the average of three independent experiments. Spheroids were cultured in the serum‐free DMEM medium for 2--12 weeks before mRNA extraction, protein isolation, histology or *in vivo* experiments.

2.5. FACS analysis {#mol212584-sec-0007}
------------------

All antibodies used for FACS analysis were purchased from eBioscience (San Diego, CA, USA) unless specified otherwise. In brief, murine or human HNSCC cells or cells treated with inhibitors were harvested and washed twice in PBS buffer, and suspended in PBS with 1% serum at a density of 1.0 × 10^6^cells/100 µL. Cells were then stained with fluorochrome‐conjugated monoclonal antibodies for mouse CD24 (17‐0242‐82), mouse/human CD44 (48‐0441‐82), for 1 h on ice. After washing twice with ice‐cold PBS, cells were re‐suspended in 400 µL ice‐cold PBS with 1% serum. Propidium iodide (Sigma‐Aldrich) was added (1 µg·mL^−1^) to exclude dead cells for the analysis. A minimum of 50 000 events were recorded for all samples. All FACS analyses were performed on a Gallios (Beckman Coulter) and the data were analyzed using Kaluza (Beckman Coulter).

The assessment of ALDH1 activity was conducted using ALDEFLUOR assay (StemCell Technologies, Durham, NC, USA). The procedure followed the manufacturer's manual. In brief, the single cell suspension was washed twice in PBS buffer and then suspended in ALDEFLUOR assay buffer at a density of 0.8 × 10^6^ cells per mL. Activated ALDH substrate BAAA was added as 5 µL·mL^−1^ of cell suspension and then 500 µL was transferred to a tube containing 5 μL of 1.5 m[m]{.smallcaps} DEAB, a specific ALDH inhibitor. Cells were incubated at 37 °C for 45 min. After washing twice with ice‐cold PBS, cells were re‐suspended in 400 µL ice‐cold ALDEFLUOR assay buffer. Propidium iodide (Sigma‐Aldrich) was added (1 µg·mL^−1^) to exclude dead cells for the analysis. A minimum of 50 000 events were recorded for all samples. All flow cytometric analyses were performed on a Gallios (Beckman Coulter) and the data were analyzed using Kaluza (Beckman Coulter).

For the side population (SP) analysis, cells were suspended in the complete DMEM medium as 1.0 × 10^6^ cells mL^--1^. Hoechst 33342 (Sigma‐Aldrich) was then added at a final concentration of 5 µg·mL^−1^ for CU110 and CUCON cells and 1.5 µg·mL^−1^ for Fadu and UMSCC47 cells, and the samples were incubated for 90 min at 37 °C. After staining, cells were washed twice with ice‐cold PBS and re‐suspended in 400 µL of ice‐cold PBS with 1% serum for FACS analysis using a MoFlo XDP70 analyzer (Beckman Coulter). Immediately before the analysis, propidium iodide (Sigma‐Aldrich) was added (1 µg·mL^−1^) to exclude the dead cells. For the control reactions, CU110 or CUCON cells were incubated with 1 µmol of verapamil (or 0.7 µmol for Fadu and UMSCC47) for 30 min at 37 °C prior to the staining by Hoechst 33342.

2.6. Quantitative real‐time PCR {#mol212584-sec-0008}
-------------------------------

Total RNAs were extracted using RNeasy kits (Qiagen, Hilden, Germany). cDNAs for differential gene expression analysis were synthesized using a high‐capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. Quantitative RT‐PCRs were carried out in triplicate using iTaq Universal SYBR Green Supermix (Bio‐Rad, Hercules, CA, USA) and were run on CFX Connect Real‐Time PCR Detection System (Bio‐Rad Laboratories, Inc.). Gene expression levels were normalized to GAPDH and quantified using a comparative CT method. The primer sequences used for gene expression analysis are listed in Table [S2](#mol212584-sup-0002){ref-type="supplementary-material"}.

2.7. Protein analysis {#mol212584-sec-0009}
---------------------

Protein was extracted using the methods described previously (Du *et al.*, [2016](#mol212584-bib-0019){ref-type="ref"}). For western blot analysis, antibodies against p110α (4249s), total AKT (9272s), AKT1 (2938s), AKT2 (2964s), pAKT^Ser473^ (3787s), E‐cadherin (3195s), vimentin (5741s), SOX2 (3579s) and GAPDH (5174s) were purchased from Cell Signaling (Danvers, MA, USA,). Antibodies against p85α (ab71925) and ki67 (ab16667) were obtained from Abcam. Antibody against CD44 (550536) was obtained from BD Biosciences Pharmingen (San Jose, CA, USA). For the western blot, an equal amount of total protein (30--35 µg) was loaded onto an SDS/PAGE gel. After transferring to poly(vinylidene difluoride) membrane, the blot was incubated with antibodies. Blot images were captured by either a ChemiDoc MP system (Bio‐Rad Laboratories Inc.) or X‐ray film (Kodak, Rochester, NY, USA). Densitometric analysis was done with [image j]{.smallcaps} software (Bethesda, MD, USA).

2.8. Immunostainings {#mol212584-sec-0010}
--------------------

For the immunofluorescence (IF) staining, cells grown on the Lab‐Tek II chamber slide system (Thermo Fisher Scientific Inc.) or frozen tissue sections of Sphes were fixed in ice‐cold acetone for 10 min at 4 °C. Slides were washed in PBS and blocked with 5% goat serum for 1 h at room temperature and then incubated with primary antibodies for 30 min. After washing with PBS three times, slides were incubated with either Alexa 488‐conjugated (green; Invitrogen, Carlsbad, CA, USA) or Alexa 594‐conjugated (red; Invitrogen) secondary antibodies for 1 h. After a final wash with PBS, coverslips were mounted with EverBrite Mounting Medium with 4′,6‐diamidino‐2‐phenylindole (DAPI; Biotium Inc., Fremont, CA, USA) and examined using confocal microscopy. Double IF staining was performed as previously described (Bornstein *et al.*, [2009](#mol212584-bib-0005){ref-type="ref"}). Incubation with primary antibodies was as follows: E‐cadherin (Cell Signaling, \#3195) and vimentin (BD Pharmingen, San Jose, CA, USA, RV202). We also performed immunohistochemistry (IHC) on the 4NQO‐induced tumors from either *PIK3CA* or control mice according to the protocol we described previously. The antibodies for IHC are CD44 (BD Pharmingen, \#550538), BMI1 (Cell Signaling, \#6964) and SOX2 (Cell Signaling, \#14962). Slides were examined with a Leica microscope, and images were taken using the [q capture pro]{.smallcaps} software (Q imaging, British Columbia, Canada).

2.9. Receptor tyrosine kinase (RTK) antibody array {#mol212584-sec-0011}
--------------------------------------------------

The PathScan RTK Signaling Antibody Array Kit was purchased from Cell Signaling Technologies, and the procedure was performed according to the instructions of the manufacturer. Briefly, protein lysates were prepared using RTK array lysis buffer; protein lysates were then quantified and diluted to the same concentration before loading to the array chamber. Detection antibody cocktail was then added to the chamber and incubated overnight at 4 ºC. After incubation, the chamber was washed . using RTK array wash buffer and processed with HRP‐linked Streptavidin solution. Chamber slide was documented . using the Bio‐Rad ChemiDoc XRD imaging system and dot density was quantified by using [photoshop]{.smallcaps} (Adobe, San Jose, CA, USA).

2.10. Inhibitor treatment {#mol212584-sec-0012}
-------------------------

Information about all inhibitors used is listed in Table [S3](#mol212584-sup-0002){ref-type="supplementary-material"}. All inhibitors were prepared in DMSO as 10 or 20 m[m]{.smallcaps} stock. The effect of the various treatments on cell viability was evaluated by two methods. The first method used the Vi‐CELL cell counter (Beckman Coulter). Briefly, cells were plated in 24‐well plates at a density of 9.4 × 10^4^ cells per well in triplicate. Cells were then treated with either vehicle (DMSO) or inhibitors. After 48 h, cells were trypsinized and cell viability was measured with a Vi‐Cell cell counter (Beckman Coulter). The percentage of viable cells was defined as the ratio of cell number in the inhibitor‐treated group to that of the DMSO‐treated group. IC~50~ was calculated using [graphpad prism]{.smallcaps} software (San Diego, CA, USA). We also used Cell Counting Kit‐8 (Dojindo) to quantify the cell viability according to the instruction manual.

2.11. *In vivo* tumorigenicity study {#mol212584-sec-0013}
------------------------------------

All animal experiments were performed in accordance with protocols approved by the Institutional Animal Cancer and Use Committees of University of Colorado Anschutz Medical Campus. For *in vivo* tumorigenicity study of HNSCC Sphes, monolayer (mono)‐growing or Sphe‐growing CU110 cells were injected subcutaneously in the left and right flanks of C57BL/6 mice at 10 000 or 1000 cells per injection. Tumor growth was monitored for 1 month. After 1 month, mice were euthanized and tumors were harvested for the subsequent volume measurement. Tumor volume was calculated with the formula: ¼ \[(length) (width) (width)\]/2. For the tail vein injection experiment, 1 × 10^5^ inhibitor‐treated or DMSO‐treated CU110 cells were intravenously injected into lateral tail veins of C57BL/6 mice. After 3 weeks, the mice were euthanized and their lung tissues were collected for gross assessment and hematoxylin/eosin (H&E) staining.

2.12. Statistical analysis {#mol212584-sec-0014}
--------------------------

Statistical calculations were performed using [prism]{.smallcaps} 5 software (GraphPad Software Inc., San Diego, CA, USA). Data were presented as the mean ± SD as indicated in the figure legends. The statistical significance of quantitative data was determined using the two‐tailed Student *t‐*test, and results were presented as *P*‐values (\**P* \< 0.05, \*\**P* \< 0.01).

3. Results {#mol212584-sec-0015}
==========

3.1. Overexpression of PIK3CA promotes EMT and enriches head and neck CSCs {#mol212584-sec-0016}
--------------------------------------------------------------------------

We have recently reported a GEMM in which the *PIK3CA* transgene is overexpressed in murine head and neck epithelia (Du *et al.*, [2016](#mol212584-bib-0019){ref-type="ref"}). Although overexpression of *PIK3CA* alone is not sufficient for HNSCC development; it significantly promotes HNSCC invasion and metastasis. EMT and enriched CSC phenotypes were observed in the 4NQO‐induced tumor from the *PIK3CA* mice (hereafter referred to as the *PIK3CA‐*tumors) in comparison with the 4‐NQO‐induced tumors from the control mice (hereafter referred to as the control‐tumors) (Du *et al.*, [2016](#mol212584-bib-0019){ref-type="ref"}). We further established primary murine HNSCC cell lines from two individual *PIK3CA*‐tumors (hereafter referred to as CU110‐1 and CU110‐2) and two individual control‐tumors (hereafter referred to as CUCON‐1 and CUCON‐2) (Du *et al.*, [2016](#mol212584-bib-0019){ref-type="ref"}) to facilitate studying of the molecular mechanisms underlying the *PIK3CA*‐driven EMT and CSC characteristics. As anticipated, the resulting CU110 cells showed higher expression of p110α and enhanced phosphorylation of AKT level compared with CUCON cells (Fig. [1](#mol212584-fig-0001){ref-type="fig"}A), indicating that PI3K/AKT signaling is highly active in the cell lines derived from tumors of *PIK3CA*‐GEMM.

![Overexpression of *PIK3CA* promotes EMT and enriches CSCs. (A) Western blotting of p110α, total AKT, phospho‐AKT473, E‐cadherin and vimentin in two CUCON and two CU110 cells. GAPDH was used as a loading control. Quantification of western blots by [imagej]{.smallcaps} is shown on the right. \**P* \< 0.05 (two‐tailed Student *t*‐test). (B) qRT‐PCR analysis of transcriptional factors regulating EMT in two CUCON and two CU110 cells. The results are presented as mean of two different experiments with SD (error bars). Each experiment was done in triplicate. \**P* \< 0.05 (two‐tailed Student *t*‐test). (C) FACS analysis of cell surface marker, CD44 in two CUCON and two CU110 cells. Quantification data are represented as mean ± SD (*n* = 3). An example of CD44 FACS is shown on the right. \**P* \< 0.05 (two‐tailed Student *t*‐test). (D) FACS analysis of cell surface marker, CD24 in two CUCON and two CU110 cells. Quantification data are represented as mean ± SD (*n* = 3). An example of CD44 FACS is shown on the right. \**P* \< 0.05 (two‐tailed Student *t*‐test). (E) ALDH activity assay using ALDEFLUOR staining in two CUCON cells and two CU110 cells; quantification data are represented as mean ± SD (*n* = 3). \**P *˂ 0.05. An example of ALDH FACS is shown on the right. \**P* \< 0.05 (two‐tailed Student *t‐*test). (F) SP fraction detected by Hoechst dye‐effluxing assay in two CUCON and two CU110 cells. Right panel: representative FACS plots of CUCON and CU110 cells treated with Hoechst 33342 in the presence and absence of verapamil (ver). The specificity of SP fraction was validated by a verapamil elimination experiment. Left panel: quantification of gated SPs of CUCON and CU110 cells. Quantification data are represented as mean ± SD (*n* = 3). \**P* \< 0.05 (two‐tailed Student *t‐*test).](MOL2-14-139-g001){#mol212584-fig-0001}

We then characterized these cell lines to determine whether they recapitulate EMT phenotype and enrichment of CSC population as seen in the primary tumors they were derived from. Western blotting results showed that overexpression of *PIK3CA* in CU110 cells promoted EMT evidenced by loss of the epithelial marker, E‐cadherin, and overexpression of the mesenchymal marker, vimentin (Fig. [1](#mol212584-fig-0001){ref-type="fig"}A). IF staining for E‐cadherin and vimentin further confirmed the EMT phenotype in CU110 cells compared with CUCON cells (Fig. [S1](#mol212584-sup-0001){ref-type="supplementary-material"}A). Next, we analyzed expression of various transcription factors known to regulate the EMT program using quantitative RT‐PCR (qRT‐PCR). We found that Zeb1, Zeb2, Twist1 and Snail expression was significantly higher in CU110 cells than CUCON cells (Fig. [1](#mol212584-fig-0001){ref-type="fig"}B). As the EMT process generates poorly differentiated tumor cells defined by cytokeratin loss (Brabletz, [2012b](#mol212584-bib-0007){ref-type="ref"}), we further assessed expression of a panel of cytokeratins in both CU110 and CUCON cells. We found that multiple cytokeratins, except K8, were downregulated in CU110 cells compared with the CUCON cells, reflecting a general de‐differentiation and EMT state (Fig. [S1](#mol212584-sup-0001){ref-type="supplementary-material"}B). K8 is a marker for spindle cell carcinoma, a pathological example of EMT (Lu *et al.*, [2006](#mol212584-bib-0037){ref-type="ref"}; Miettinen, [1991](#mol212584-bib-0043){ref-type="ref"}; Zidar *et al.*, [2018](#mol212584-bib-0070){ref-type="ref"}), and is often increased in late stage SCC (Makino *et al.*, [2009](#mol212584-bib-0040){ref-type="ref"}). These results further support an EMT and poorly differentiated phenotype of CU110 cells. Together, these data demonstrate that overexpression of *PIK3CA* promotes EMT, and de‐differentiation.

It has been shown that EMT and de‐differentiation generate cells possessing properties of stem cells and confer cancer cells with stem cell‐like characteristics (Mani *et al.*, [2008](#mol212584-bib-0041){ref-type="ref"}). To examine whether the EMT and de‐differentiation phenotypes of CU110 cells enrich CSCs, we utilized several putative surface markers reported for CSC isolation in HNSCC, including CD44^high^, CD24^low^, ALDH^high^ and SP (Chen *et al.*, [2011a](#mol212584-bib-0012){ref-type="ref"}; Clay *et al.*, [2010](#mol212584-bib-0016){ref-type="ref"}; Prince *et al.*, [2007](#mol212584-bib-0056){ref-type="ref"}; Tabor *et al.*, [2011](#mol212584-bib-0062){ref-type="ref"}; Todoroki *et al.*, [2016](#mol212584-bib-0064){ref-type="ref"}). FACS results showed significantly higher numbers of CD44^high^ (Fig. [1](#mol212584-fig-0001){ref-type="fig"}C) and CD24^low^ cells (Fig. [1](#mol212584-fig-0001){ref-type="fig"}D), increased ALDH activity (Fig. [1](#mol212584-fig-0001){ref-type="fig"}E) and SP fraction (Fig. [1](#mol212584-fig-0001){ref-type="fig"}F) in CU110 cells compared with CUCON cells.

We observed enrichment of CSC population in CU110 cells derived from the *PIK3CA*‐tumors. One question is whether the tumor‐derived cell lines represent the true situation in the tumor tissues from which they originally derived, since multicellular communication in tumor tissues may affect properties of CSCs. We have shown increased expression of multiple CSC markers, including CD44, CD166, CD24, Nanog, Oct4 and EZH2, in the *PIK3CA‐*tumors than the control‐tumors in our previous report (Du *et al.*, [2016](#mol212584-bib-0019){ref-type="ref"}). Here, we further examined CD44, SOX2 (Lee *et al.*, [2014](#mol212584-bib-0033){ref-type="ref"}) and BMI1 (Chen *et al.*, [2011b](#mol212584-bib-0014){ref-type="ref"}) by IHC in the *PIK3CA‐*tumors and the control‐tumors (Fig. [S1](#mol212584-sup-0001){ref-type="supplementary-material"}C). CD44‐positive cells (membrane staining) were distributed in nearly the entire field of the *PIK3CA* tumors compared with those in the control‐tumors, where CD44‐positive cells were only seen around the edge of the tumors (Fig. [S1](#mol212584-sup-0001){ref-type="supplementary-material"}C, left). SOX2‐positive cells (nuclear staining) were also significantly increased in the *PIK3CA‐*tumors compared with in the control‐tumors (45.50 ± 5.97 positive cells per field, vs 8.25 ± 1.89 positive cells per field; *P* \< 0.05, Fig. [S1](#mol212584-sup-0001){ref-type="supplementary-material"}C, Middle). Nuclear staining of BMI1 was seen in both the *PIK3CA and* the control‐tumors. However, staining was much stronger in the *PIK3CA*‐tumors than in the control*‐*tumors (Fig. [S1](#mol212584-sup-0001){ref-type="supplementary-material"}C, right). In combination with our previous report and present results, we showed that overexpression of PIK3CA enriches CSCs both in the primary tumor tissues of *PIK3CA* mice and in the cell lines derived from these tumors.

3.2. Sphere‐forming capacity is a functional measurement for cancer stemness properties of HNSCC {#mol212584-sec-0017}
------------------------------------------------------------------------------------------------

To determine whether the enriched CSC population of CU110 cells exhibit efficient self‐renewal, we performed a Sphe‐forming assay using CU110 and CUCON cells. Consistent with the enrichment of CSCs revealed by multiple surface markers in Fig. [1](#mol212584-fig-0001){ref-type="fig"}C--F, the CU110 cells, but not CUCON cells, were able to form tumor Sphes (Fig. [2](#mol212584-fig-0002){ref-type="fig"}A). To further examine whether the Sphe possess CSC properties, we measured mRNA expression of embryonic stem cell markers Nanog, Oct4 and Sox2. As shown in Fig. [2](#mol212584-fig-0002){ref-type="fig"}B, these markers were significantly overexpressed in Sphe compared with mono‐cultured CU110 cells. We then examined two additional CSC markers, ALDH1A1 and ABCG2; both molecules were significantly increased in Sphe compared with mono (Fig. [S2](#mol212584-sup-0001){ref-type="supplementary-material"}). We further performed H&E staining on sections of spheroids and observed distinguishable layers with a hollow center. Moreover, the inner layers of these spheroids featured intensive extracellular matrix (Fig. [2](#mol212584-fig-0002){ref-type="fig"}C, left top panel). Consistent with higher mRNA expression of Sox2 in spheroids, the outer layer contained many SOX2^+^ cells observed by IF (Fig. [2](#mol212584-fig-0002){ref-type="fig"}C, right top panel). However, not all CD44^+^ cells were SOX2^+^ (Fig. [2](#mol212584-fig-0002){ref-type="fig"}C, right lower panel). Moreover, some SOX2^+^ cells were Ki67^+^ (Fig. [2](#mol212584-fig-0002){ref-type="fig"}C, right top panel), suggesting that proliferation of CSCs may be heterogeneous and/or dynamic (Brown *et al.*, [2017](#mol212584-bib-0010){ref-type="ref"}). In addition, almost all outer‐layer cells were Vimentin‐positive and cells near the hollow center showed caspase 3‐positive staining, indicating that these cells were undergoing apoptosis (Fig. [2](#mol212584-fig-0002){ref-type="fig"}C, lower left panel).

![Sphe‐forming is a functional readout of cancer stemness. (A) HNSCC Sphe‐forming ability of two CUCON and two CU110 cells. Left panel: Phase‐contrast images of CUCON and CU110 cells in serum‐free and ultralow attachment culture condition. Right panel: Quantification of Sphe numbers for two CUCON and two CU110 cells. Sphes with diameter ≥ 30 μm were counted. Sphe‐forming capacity is defined as percentage of total number of Sphe formed by CU110 cells in comparison with CUCON cells. Quantification data are represented as mean ± SD (*n* = 3). \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m]{.smallcaps}. (B) qRT‐PCR for expression of embryonic stem cell genes in the mono‐ or Sphe‐cultured CU110 cells. GAPDH was used as an internal control. The results are presented as mean of two different experiments with SD (error bars). Each experiment was done in triplicate. \**P* \< 0.05 (two‐tailed Student *t‐*test). (C) Left panel (top): H&E staining for HNSCC Sphe section; left panel (bottom): vimentin‐positive layer was delineated by white dotted lines and hollow center of spheroid was delineated by white dotted lines. Right panel: IF staining on Sphe sections using the antibodies as indicated in figures. Scale bar: 50 µ[m]{.smallcaps}. (D) *In vivo* tumorigenicity by subcutaneous injection of 1000 cells isolated from either Sphe‐ or mono‐cultured CU110 cells to the flanks of C57BL6 mice. Left panel: Images of tumors developed from mono (one of three mice) or Sphe‐cultured CU110 cells (three of three mice). The tumor volume is average of tumors developed in mice with SD for each group and is shown on the right. \*\**P *˂ 0.01 (two‐tailed Student *t‐*test). Scale bar: 2 m[m]{.smallcaps}. (E) Correlation between p110α expression and Sphe‐forming ability in human HNSCC cell lines. Left panel: Western blotting and HNSCC Sphe‐forming assay were performed in 17 human head and neck cancer cell lines (UMSCC1/2/10A/10B/22A/22B/47, VU1131/1365, SCC9, Fadu, HN6, Tu167, Cal27, M4C/4E and LNM1). Relative quantification of p110α was done by quantifying band intensity of p110α and GAPDH, and is shown as percentage of GAPDH band intensity. \*\**P *˂ 0.01 (two‐tailed Student *t‐*test). Right panel: Representative images of Sphe‐forming capacity of HNSCC cell lines in serum‐free and ultralow attachment culture condition. Scale bar: 100 µ[m.]{.smallcaps}](MOL2-14-139-g002){#mol212584-fig-0002}

To evaluate tumorigenicity of spheral cells *in vivo*, we injected 1000 cells from either Sphe‐ or mono‐cultured CU110 cells into the flanks of syngeneic C57BL6 mice. All Sphe‐cultured CU110 cells generated tumors, but only one mouse developed a smaller tumor for mono‐cultured CU110 cells. The average volume of tumors from Sphes was significantly greater than that from the tumor of mono cells (Fig. [2](#mol212584-fig-0002){ref-type="fig"}D). Last, we investigated whether Sphe‐forming ability is correlated with p110α expression in human HNSCC cell lines. Among the 17 human HNSCC cell lines we screened (Table [S3](#mol212584-sup-0002){ref-type="supplementary-material"}), the Sphe‐forming ability was found to be well correlated with p110α expression levels, suggesting that overexpression of PIK3CA enriches CSC population in human HNSCC as well (Fig. [2](#mol212584-fig-0002){ref-type="fig"}E, Table [S3](#mol212584-sup-0002){ref-type="supplementary-material"}).

3.3. Knocking down of *PIK3CA* failed to reverse EMT or reduce the CSC pool {#mol212584-sec-0018}
---------------------------------------------------------------------------

Next, we examined whether *PIK3CA* is required to maintain an EMT phenotype or CSC populations in the *PIK3CA*‐overexpressing CU110 cells. We stably knocked down *PIK3CA* expression in CU110 cells using shRNA against *PIK3CA*. Surprisingly, the knocking down of *PIK3CA* failed to induce E‐cadherin or reduce vimentin expression, as shown by western blot and IF staining (Figs [3](#mol212584-fig-0003){ref-type="fig"}A and [S3](#mol212584-sup-0001){ref-type="supplementary-material"}), indicating failure to reverse EMT in the *PIK3CA*‐overexpressing cells. We further examined the effects of knocking down *PIK3CA* on CSCs in CU110 cells. As shown in Fig. [3](#mol212584-fig-0003){ref-type="fig"}B--E, instead of reducing CSC numbers, knocking down of *PIK3CA* increased the CSC pool in CU110 cells. In the Sphe‐forming assay, knocking down *PIK3CA* moderately increased Sphe numbers (Fig. [3](#mol212584-fig-0003){ref-type="fig"}B). In the CSC surface marker assays, although knocking down of *PIK3CA* had no effects on the CD44^high^ population (Fig. [3](#mol212584-fig-0003){ref-type="fig"}C), it significantly increased CD24^low^ populations (Fig. [3](#mol212584-fig-0003){ref-type="fig"}D). Furthermore, knocking down of *PIK3CA* caused about a fivefold increase in SP fraction (Fig. [3](#mol212584-fig-0003){ref-type="fig"}E).

![Knocking down of *PIK3CA* failed to reverse EMT and reduce CSC population. (A) Western blotting of p110α, E‐cadherin and vimentin in CU110‐2 cells stably transfected with lentiviral‐mediated shRNA (*shPIK3CA*) or a scrambled control (*SCR*). GAPDH was used as a loading control. Quantitation of western blots is shown in right. (B) HNSCC Sphe‐forming assay of CU110 cells stably transfected either *shPIK3CA* or *SCR* lentivirus. Sphes with diameter ≥ 30 μm were counted; quantification of Sphe is shown on the right, *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m]{.smallcaps}. (C) FACS analysis of CD44 in CU110 cells stably transfected either *shPIK3CA* or *SCR* lentivirus. Quantification of CD44 population is shown on top. *n* = 3; error bars indicate SD. (D) FACS analysis of CD24 in CU110 cells stably transfected either *shPIK3CA* or *SCR* lentivirus. Quantification of CD24 population is shown on top. *n* = 3; error bars indicate SD. (E) SP fraction using Hoechst dye‐effluxing analysis in CU110 cells stably transfected either *shPIK3CA* or *SCR* lentivirus. Quantification of SP fraction is shown on top. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). (F) HNSCC Sphe‐forming assay of Fadu or UMSCC47 cell lines stably transfected with either *shPIK3CA* or *SCR*. The quantification is shown on the left. Error bars indicate SD. Scale bar: 100 µ[m.]{.smallcaps}](MOL2-14-139-g003){#mol212584-fig-0003}

To examine whether our findings in the mouse model applied to human HNSCCs, we screened 17 human HNSCC cell lines and chose UMSCC47, which expressed the highest level of *PIK3CA* among these lines (Fig. [S4](#mol212584-sup-0001){ref-type="supplementary-material"}A). UMSCC47 was derived from a HPV^+^ tongue SCC (Brenner *et al.*, [2010](#mol212584-bib-0009){ref-type="ref"}). To compare overexpression and gain‐of‐function mutations which also occur in human HNSCCs, we chose the Fadu cell line, which harbors an H1047R hot‐spot mutation in *PIK3CA* and was derived from an HPV^--^ hypopharynx SCC (Qiu *et al.*, [2006](#mol212584-bib-0058){ref-type="ref"}). Knocking down of *PIK3CA* in these two human HNSCC cell lines reduced cell proliferation (Fig. [S4](#mol212584-sup-0001){ref-type="supplementary-material"}B,C). However, similar to the effect we observed in the murine CU110 cells, knocking down of *PIK3CA* failed to reduce Sphe‐forming ability in either UMSCC47 or Fadu cell lines (Fig. [3](#mol212584-fig-0003){ref-type="fig"}F). Thus, it appears that although PI3K amplification promotes EMT and CSCs, blocking it, cannot reverse this phenotype.

3.4. Knockdown of key components in PI3K pathway promotes CSC population {#mol212584-sec-0019}
------------------------------------------------------------------------

The failure to reduce CSC pool upon *PIK3CA* knockdown was unexpected and prompted us to examine the effect of knockdown on other key components in PI3K pathway. We first examined the expression levels of several PI3K isoforms in *PIK3CA*‐overexpressing cells. As shown in Figs [S5](#mol212584-sup-0001){ref-type="supplementary-material"}A and [4](#mol212584-fig-0004){ref-type="fig"}A, the gene encoding the regulatory subunit of PI3K (*PIK3R1*), the gene encoding for the p85α subunit of PI3K, is concurrently highly expressed in CU110 cells, as measured by qRT‐PCR and western blotting. Interestingly, the p85α expression also correlated with Sphe‐forming capacity in human HNSCC cell lines (Fig. [S5](#mol212584-sup-0001){ref-type="supplementary-material"}B). To further evaluate the relevance of this, we stably knocked down *PIK3R1* in CU110 cells (Fig. [S5](#mol212584-sup-0001){ref-type="supplementary-material"}C). Similar to the effect of knockdown of *PIK3CA*, genetic suppression of *PIK3R1* was not able to reverse EMT, as shown by qRT‐PCR of E‐cadherin, vimentin and other transcriptional factors regulating EMT (Fig. [S5](#mol212584-sup-0001){ref-type="supplementary-material"}D). Knockdown of *PIK3R1* also failed to reduce the CSC pool by Sphe‐forming assays (Fig. [4](#mol212584-fig-0004){ref-type="fig"}B), FACS analysis of CD44 and CD24 (Fig [4](#mol212584-fig-0004){ref-type="fig"}C,D), and SP fraction (Fig. [4](#mol212584-fig-0004){ref-type="fig"}E). Instead, similar to *PIK3CA* knockdown, knockdown of *PIK3R1* increased the Sphe formation (Fig. [4](#mol212584-fig-0004){ref-type="fig"}B).

![Knocking down of key components in PI3K pathway promotes CSC population. (A) Western blotting of p110α and p85α in two CUCON and two CU110 cells. GAPDH was used as a loading control. Quantitation of western blots is shown on the right. \**P* \< 0.05 (two‐tailed Student *t‐*test). (B) HNSCC Sphe‐forming assay of CU110 cells stably transfected with either *shPIK3R1* or *SCR* lentivirus. The quantification is shown on top. Sphes with diameter ≥ 30 μm were counted. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m]{.smallcaps}. (C) FACS analysis of CD44 population in CU110 cells stably transfected with either *shPIK3R1* or *SCR* lentivirus. Error bars indicate SD. *n* = 3. (D) FACS analysis of CD24 population in CU110 cells stably transfected with either *shPIK3R1* or *SCR* lentivirus. Error bars indicate SD. *n* = 3. (E) SP fraction using Hoechst dye‐effluxing analysis in CU110 cells stably transfected either *shPIK3R1* or *SCR* lentivirus. Quantification of SP fraction is shown on top. Error bars indicate SD. *n* = 3. \**P* \< 0.05 (two‐tailed Student *t‐*test). (F) HNSCC Sphe‐forming assay of CU110 cells stably transfected with *shAKT1*, *shAKT2* or *SCR* lentivirus. The quantification is shown on top. Sphes with diameter ≥ 30 μm were counted. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m]{.smallcaps}. (G) FACS analysis of CD44 population in CU110 cells stably transfected with *shAKT1*, *shAKT2* or *SCR* lentivirus. Error bars indicate SD. *n* = 3. (H) SP fraction using Hoechst dye‐effluxing analysis in CU110 cells stably transfected *shAKT1*, *shAKT2* or *SCR* lentivirus. Quantification of SP fraction is shown on top. Error bars indicate SD. *n* = 3. \**P* \< 0.05 (two‐tailed Student *t‐*test).](MOL2-14-139-g004){#mol212584-fig-0004}

It has been reported that the ratio of *AKT1* and *AKT2* expression regulates EMT and CSC properties in a breast cancer model (Iliopoulos *et al.*, [2009](#mol212584-bib-0027){ref-type="ref"}). Thus, we further knocked down *AKT1* or *AKT2* in the CU110 cells (Fig. [S5](#mol212584-sup-0001){ref-type="supplementary-material"}E). Similar to the effects of *PIK3CA* or *PIK3R1* knockdown, genetic suppression of *AKT1* or *AKT2* had no effects on EMT, as shown by qRT‐PCR of *E‐cadherin*, *vimentin* and several transcriptional factors regulating EMT (Fig. [S5](#mol212584-sup-0001){ref-type="supplementary-material"}F). Knockdown of either *AKT1* or *AKT2* also failed to decrease the CSC population, as shown by Sphe‐forming assay (Fig. [4](#mol212584-fig-0004){ref-type="fig"}F), FACS analysis of surface markers CD44 (Fig. [4](#mol212584-fig-0004){ref-type="fig"}G) and SP fraction (Fig. [4](#mol212584-fig-0004){ref-type="fig"}H).

3.5. Targeting multiple receptor tyrosine kinase pathways effectively ablates CSC population by inhibiting Ephs, TRKs and c‐Kit {#mol212584-sec-0020}
-------------------------------------------------------------------------------------------------------------------------------

Since *PIK3CA*‐induced CSC properties are no longer dependent on PI3K signaling, we sought to identify other mechanisms important for maintaining CSC population. Emerging evidence suggests a critical role of RTKs in maintaining CSC phenotypes (Cheng *et al.*, [2016](#mol212584-bib-0015){ref-type="ref"}). We thus performed a RTK protein array to compare the differences between the *PIK3CA*‐overexpressing CU110 cells and the CUCON control cells. As shown in Fig. [5](#mol212584-fig-0005){ref-type="fig"}A, compared with CUCON cells, there were multiple activated RTKs in CU110 cells: EGFR, FGFRs, InsR, TRKA and B, c‐Kit, Ephs, Tyro3, Axl, VEGFRs, S6 ribosomal protein, AKT.

![Identifying multiple RTK pathways effectively eliminates CSC populations. (A) RTK protein array in the *PIK3CA*‐overexpressing cells (CU110) and control cells (CUCON) using the PathScan RTK Signaling Antibody Array Assay Kit. Top panel: quantification, lower panel: chemiluminescent images. (B) Screening for pharmaceutical inhibitors effectively reducing CSC population in CU110 cells using HNSCC Sphe‐forming assay. The quantification is shown on the left. Error bars indicate SD. *n* = 3. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m.]{.smallcaps}](MOL2-14-139-g005){#mol212584-fig-0005}

To further identify key RTKs maintaining CSC phenotype, we utilized a pharmaceutical inhibitor screen approach to assess HNSCC Sphe formation. We selected inhibitors targeting the activated RTK pathways from the RTK protein array experiment described above. In addition, chemotherapy drug paclitaxel was also included to assess its effects on Sphe‐forming ability. We have determined IC~50~ for each agent in CU110 cells (Table [S4](#mol212584-sup-0002){ref-type="supplementary-material"}) and used this dose to determine the effect of each agent on Sphe‐forming ability of CU110 cells. As shown in Fig. [5](#mol212584-fig-0005){ref-type="fig"}B, PX866 increased the numbers of HNSCC Sphes, which is consistent with the result of genetic inhibition of PI3K pathway in Figs [3](#mol212584-fig-0003){ref-type="fig"} and [4](#mol212584-fig-0004){ref-type="fig"}, suggesting that inhibition of PI3K pathway may elicit a feedback mechanism of increasing RTKs to maintain CSC property in compensation. In contrast, inhibitors LDN211904 (targeting Ephs), GNF5837 (targeting TRKA/B) and Imatinib (targeting c‐kit) effectively reduced or ablated Sphe formation. In addition, treating CU110 with LDN211904 also reduced CD44^high^ and ALDH^high^ populations (Fig. [6](#mol212584-fig-0006){ref-type="fig"}A), treating CU110 cell with GNF5837 significantly reduced ALDH^high^ populations (Fig. [6](#mol212584-fig-0006){ref-type="fig"}B), and treating CU110 with imatinib reduced CD44^high^ and SP fraction (Fig. [6](#mol212584-fig-0006){ref-type="fig"}C). To further validate this result in human HNSCC cell lines, we treated UMSCC47 and Fadu cells with PX866, LDN211904, GNF5837 and imatinib. Consistent with the results from CU110 cells, compared with PX866, treatment with LDN211904, GNF5837 and imatinib inhibited Sphe formation in UMSCC47 and Fadu cell lines (Fig. [6](#mol212584-fig-0006){ref-type="fig"}D).

![Targeting multiple RTK pathways effectively eliminates CSC populations with inhibiting Ephs, TRKs, and c‐Kit the most prominent. (A) FACS analysis of CD44 (left) or ALDH (right) in CU110 cells treated with LDN211904. Error bars indicate SD. *n* = 3. \**P* \< 0.05 (two‐tailed Student *t‐*test). (B) FACS analysis of ALDH in CU110 cells treated with GNF5837. Error bars indicate SD. *n* = 3. \**P* \< 0.05 (two‐tailed Student *t‐*test). (C) FACS analysis of CD44 (left) or SP fraction (right) in CU110 cells treated with imatinib. Error bars indicate SD. *n* = 3. \**P* \< 0.05 (two‐tailed Student *t‐*test). (D) Effect of pharmaceutical inhibitors (as indicated in the figure) on reducing CSC population in human HNSCC cell lines: Fadu and UMSCC47, using Sphe‐forming assay. The quantification is shown on right. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m.]{.smallcaps}](MOL2-14-139-g006){#mol212584-fig-0006}

3.6. Ponatinib, a multi‐RTK inhibitor that targets Ephs, TRKs and c‐Kit superiorly eliminates CSCs induced by overexpression of PIK3CA {#mol212584-sec-0021}
--------------------------------------------------------------------------------------------------------------------------------------

The attenuation of CSC phenotype upon inhibition of Ephs, TRKs and c‐Kit separately led us to hypothesize that inhibitor(s) co‐targeting all three molecules may have additive effects on the CSC phenotype. Ponatinib was chosen because it inhibits multiple RTKs, particularly Ephs and TRKs below the 50‐n[m]{.smallcaps} level (O\'Hare *et al.*, [2009](#mol212584-bib-0050){ref-type="ref"}). We treated CU110 cells in a Sphe‐forming assay with ponatinib to test this and found nearly complete elimination of Sphe formation, ALDH^high^ population and SP fraction (Fig. [7](#mol212584-fig-0007){ref-type="fig"}A‐C). To assess the *in vivo* effect of ponatinib treatment on HNSCC metastasis, we treated CU110 cells with DMSO, PX866 or ponatinib for 48 h. Then, 1 × 10^5^ viable cells after treatment were injected into the tail vein of syngeneic C57BL6 mice. After 21 days, lung tissues were harvested from these three groups of mice. As shown in Fig. [7](#mol212584-fig-0007){ref-type="fig"}D, CU110 cells or cells treated with PX866 generated multiple lung nodules. In contrast, none of the lungs had visible lung modules in the CU110 cells treated with ponatinib. To further validate this result in human HNSCC cell lines, we treated UMSCC47 and Fadu cells with ponatinib. Consistent with the results from CU110 cells, ponatinib treatment significantly reduced the number of Sphes formed (Fig. [7](#mol212584-fig-0007){ref-type="fig"}E).

![Ponatinib, a multi‐kinase inhibitor targeting Ephs, TRKs and c‐Kit, effectively eliminates CSC population in HNSCC. (A) HNSCC Sphe‐forming assay of CU110 cells treated with ponatinib. The quantification is shown on top. Sphes with diameter ≥ 30 μm were counted. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m]{.smallcaps}. (B) FACS analysis of ALDH in CU110 cells treated with ponatinib. The quantification is shown on top. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). (C) FACS analysis of SP fraction in CU110 treated with ponatinib (left). The quantification is shown on top. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). (D) Left: Gross pictures of lung tissues harvested from mice received tail vein injection of CU110 cells treated with DMSO, PX866 or ponatinib. Red arrow indicates metastatic foci on the surface of the lung. Right: Relevant quantification of the metastatic foci on the surface of lung. *n* = 4; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m]{.smallcaps}. (E) Effect of ponatinib on reducing CSC population in human HNSCC cell lines: Fadu and UMSCC47, using Sphe‐forming assay. The quantification is shown on the right. *n* = 3; error bars indicate SD. \**P* \< 0.05 (two‐tailed Student *t‐*test). Scale bar: 100 µ[m]{.smallcaps}.](MOL2-14-139-g007){#mol212584-fig-0007}

4. Discussion {#mol212584-sec-0022}
=============

Emerging evidence suggests that PIK3CA has a vital role in regulating EMT and CSC properties in a variety of cancers. For example, *PIK3CA* mutation is most frequently seen (nearly 50%) in aggressive breast cancers that display EMT and CSC properties (Hennessy *et al.*, [2009](#mol212584-bib-0025){ref-type="ref"}). Recent studies using breast cancer mouse models demonstrate that expression of *PIK3CA^H1047R^* in mammary glands developed multipotent lineage of breast cancer, conferring intra‐ or inter‐tumor heterogeneity (Koren *et al.*, [2015](#mol212584-bib-0030){ref-type="ref"}; Van Keymeulen *et al.*, [2015](#mol212584-bib-0067){ref-type="ref"}). Interestingly, oncogenic PIK3CA engineered in induced pluripotent stem cells caused partial loss of epithelial morphology and up‐regulation of stemness markers (Madsen *et al.*, [2019](#mol212584-bib-0039){ref-type="ref"}). In line with our previous report, this study demonstrates a key role for *PIK3CA* in driving EMT and CSC phenotypes during cancer progression.

The interplay of EMT, CSCs and metastasis is inevitably tissue‐ and context‐specific. Although EMT is the process by which cell acquire plasticity and gain the properties of stem cells (Brabletz, [2012a](#mol212584-bib-0006){ref-type="ref"}; Gupta *et al.*, [2019](#mol212584-bib-0022){ref-type="ref"}; Mani *et al.*, [2008](#mol212584-bib-0041){ref-type="ref"}), recent studies suggest that metastasis can be independent of EMT, and metastatic CSCs do not necessarily have a mesenchymal‐like origin (Fischer *et al.*, [2015](#mol212584-bib-0021){ref-type="ref"}; Pascual *et al.*, [2017](#mol212584-bib-0052){ref-type="ref"}; Zheng *et al.*, [2015](#mol212584-bib-0069){ref-type="ref"}). Accordingly, our data show that eliminating CSC and blocking metastasis does not necessarily accompany complete reversal of the EMT phenotype, indicating that CSC and metastatic traits can be uncoupled from EMT. Indeed, a non‐mesenchymal, epithelial‐like population has recently been shown to confer CSC and metastatic traits that drive HNSCC progression (Pascual *et al.*, [2017](#mol212584-bib-0052){ref-type="ref"}). Considering the complexity among EMT, CSCs and metastatic traits, it is still conceptually and fundamentally important to identify and interrogate such a relationship and its driven outcome in local invasiveness and distant metastasis.

It was unexpected that inhibition of PI3K pathway failed to reverse either EMT or CSC phenotypes. PI3K pathway has been shown as a promising target in pre‐clinical studies, but the therapeutic efficacy is modest as a single agent in clinical trials (Hanker *et al.*, [2019](#mol212584-bib-0024){ref-type="ref"}; Janku *et al.*, [2018](#mol212584-bib-0028){ref-type="ref"}). In light of our observations, one of the reasons might be insufficient inhibition of EMT and CSC when these traits become independent of PI3K signaling. The ratio of *AKT1* and *AKT2* has been reported to regulate EMT and CSC traits through regulation of miR‐200s in breast cancer (Iliopoulos *et al.*, [2009](#mol212584-bib-0027){ref-type="ref"}). In addition, we found that the level of PI3K family member *PIK3R1* is increased in the *PIK3CA*‐overexpressing HNSCCs. However, knockdown of *AKT1*, *AKT2* or *PIK3R1* did not reverse EMT or reduce the CSC population. Instead, we found that it genetically suppressing major components of the PI3K pathway or, paradoxically, pharmacologically targeting PI3K appeared to promote CSC population in the *PIK3CA*‐overexpressing HNSCCs. Although it is not clear why interfering PI3K signaling would promote CSC traits, we suspect that activation of alternative pathway or feedback loop(s) could be one of the explanations. For example, a fraction of PI3K mutant mammary tumors escape PI3K dependence by compensatory activation of MEK‐ERK signaling (Cheng *et al.*, [2016](#mol212584-bib-0015){ref-type="ref"}). Another example is that inhibition of mTOR in PI3K mutant cells results in activation of FGFR1‐dependent Notch signaling to confer CSC survival (Bhola *et al.*, [2016](#mol212584-bib-0004){ref-type="ref"}). Inhibition of EGFR or chemotherapy using cisplatin was also reported to enhance CSC population (Arasada *et al.*, [2014](#mol212584-bib-0001){ref-type="ref"}; Nor *et al.*, [2014](#mol212584-bib-0049){ref-type="ref"}; Shien *et al.*, [2013](#mol212584-bib-0060){ref-type="ref"}). In these cases, inhibiting one major target/pathway resulted in the activation of another target/pathway, providing an advantage for CSC survival.

To identify the compensatory mechanisms of PI3K‐independency, we screened RTKs, as they interact highly with the PI3K pathway. We found that multiple RTKs were activated in the *PIK3CA*‐overexpressing HNSCCs, with Ephs, TRKs and c‐Kit signaling the most prominent. Ephs are highly expressed in normal stem cells and in CSCs in breast, ovary, lung, glioma and melanoma, and are associated with tumor growth and metastasis (Murai and Pasquale, [2010](#mol212584-bib-0044){ref-type="ref"}; Pasquale, [2010](#mol212584-bib-0053){ref-type="ref"}). Besides, EphA4 receptor is overexpressed in the EMT/stem‐like breast cancer cells (Lu *et al.*, [2014](#mol212584-bib-0036){ref-type="ref"}) and Ephrin B2 is associated with progression and resistance to chemotherapy and radiation therapy in HNSCC (Oweida *et al.*, [2017](#mol212584-bib-0051){ref-type="ref"}). Mutations and gene fusions in TRKs have also been reported in multiple cancers, including ovarian, colorectal, melanoma and lung (Vaishnavi *et al.*, [2015](#mol212584-bib-0066){ref-type="ref"}). TRKB has been reported to suppress anoikis and induce metastasis (Douma *et al.*, [2004](#mol212584-bib-0018){ref-type="ref"}). In HNSCC, TRKB has been shown to induce EMT and promote cancer progression (Kupferman *et al.*, [2010](#mol212584-bib-0031){ref-type="ref"}). In addition, TRK has also been shown to promote brain CSCs in malignant glioma (Lawn *et al.*, [2015](#mol212584-bib-0032){ref-type="ref"}). c‐Kit has been used as a stem cell marker for hematopoietic stem cells and has also been shown to be unregulated in CSCs. For example, targeting c‐Kit reduced CSC numbers in lung cancer (Levina *et al.*, [2010](#mol212584-bib-0035){ref-type="ref"}). In line with these studies, we found that Ephs, TRKs or c‐Kit contributes to maintenance of *PIK3CA* overexpression‐induced CSC traits. However, how overexpression of PIK3CA activates these signaling pathways, compensating for the maintenance of CSC trait, remains under investigation. Our study showed that ponatinib, the inhibitor targeting multiple RTKs, including Eph, TRK and c‐Kit, was the most potent inhibition of CSC population than inhibition of Eph, TRK or c‐Kit individually. This result suggests that co‐targeting of these signaling pathways can achieve optimal effects. It also suggests that ponatinib could be one of the candidates for treatment of HNSCC recurrence and metastasis, as the drug has been approved and used for leukemia patients, who tolerate it well (Poch Martell *et al.*, [2016](#mol212584-bib-0055){ref-type="ref"}).

5. Conclusion {#mol212584-sec-0023}
=============

In conclusion, our results show that *PIK3CA* overexpression enriches CSC population in both murine and human HNSCCs. However, the maintenance of CSC population in *PIK3CA*‐overexpressing HNSCC becomes PI3K pathway‐independent. Multiple RTK activation, particularly Ephs, TRKs and c‐Kit signaling, may serve as compensatory mechanisms to maintain CSC population in *PIK3CA*‐overexpressing HNSCC. Thus, co‐targeting Ephs, TRKs and the c‐Kit pathway may be effective in eliminating the PI3K‐independent CSC population, providing potential targets for future development of a novel anti‐CSC therapeutic approach for HNSCC patients, particularly in patients with *PIK3CA* amplification.
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**Fig. S1.** Overexpression of PIK3CA promotes EMT and de‐differentiation. (A) Immunofluorescence staining of E‐cadherin (green) and vimentin (red) in two CUCON and two CU110 cell lines. DAPI stain (blue) was used to visualize the nucleus. Scale bar: 50 µ[m]{.smallcaps}. (B) qRT‐PCR analysis of cytokeratins in CUCON and CU110 cell lines. The results are presented as mean of two different experiments with standard deviations (error bar). Each experiment was done in triplicate. \**P* \< 0.05. (C) Immunohistochemistry staining of CD44 (left), SOX2 (middle), and BMI1 (right) in the 4NQO‐induced tumors from either the *PIK3CA* or control mice; *n* = 3 for each group. SOX2^+^ cells were enumerated in three independent fields from three *PIK3CA‐*tumors and three control‐tumors. The quantitation result is included in the text. Scale bar: 50 µ[m]{.smallcaps} (CD44 and BMI1), 25 µ[m]{.smallcaps} (SOX2).

**Fig. S2.** qRT‐PCR analysis of ALDH1A1 and ABCG2 in CU110 cells cultured in either monolayer or sphere. The results are presented as mean of two different experiments with standard deviations (error bar); Each experiment was done in triplicate. \**P* \< 0.05.

**Fig. S3.** Knocking down of PIK3CA failed to reverse EMT. Immunofluorescence staining of E‐cadherin or vimentin in CU110‐2 cells stably transfected with either shPIK3CA or a scrambled control (SCR). DAPI staining (blue) was used to visualize the nucleus. Scale bar: 50 µ[m]{.smallcaps}.

**Fig. S4.** Effect of knocking down of *PIK3CA* on human head and neck cancer cell lines. (A) *PIK3CA* expression in 17 human head and neck cancer cell lines (as indicated) using qRT‐PCR. Experiment was done in triplicate. (B) Western blotting of p110α, AKT, pAKT(Ser473) and GAPDH in Fadu (left) and UMSCC47 cell lines (right) stably transfected with either lentiviral‐mediated *shPIK3CA* or *SCR*. Quantitation of western blots is shown on the right. (C) Cell proliferation assay of Fadu (left) and UMSCC47 (right) cell lines stably transfected with either*shPIK3CA* or *SCR*. *n *= 3; error bars indicate SD. \**P* \< 0.05.

**Fig. S5.** Examination of PI3K isoforms in murine HNSCC cells and evaluation of knockdown efficiency. (A) qRT‐PCR results of PI3K isoforms in two CUCON and two CU110 cells. Fold changes are relative to CUCON‐1 cells; GAPDH was used as an internal control. *n *= 3; error bars indicate SD. The results are presented as mean of two different experiments with SD (error bar). Each experiment was done in triplicate. \**P* \< 0.05. (B) Correlation between p85α protein and sphere‐forming ability in human HNSCC cell lines. Western blotting and HNSCC sphere‐forming assay were performed in 12 human head and neck cancer cell lines (VU1131, VU1365, UMSCC1, UMSCC2, UMSCC47, Fadu, Tu167, HN6, LNM1, CAL27, M4C, and M4E). Relative quantification of p85α was done by quantifying band intensity of p85α and GAPDH, and is shown as percentage of GAPDH band intensity. (C) Western blotting of p85α in CU110 cells stably transfected with either lentiviral‐mediated *shPIK3R1* or *SCR*. GAPDH was used as a loading control. Quantitation of western blots is shown on the right. (D) qRT‐PCR results of E‐cadherin, vimentin and EMT‐related transcription factors in CU110 cells stably transfected with either *shPIK3R1* or *SCR* lentivirus. *n *= 3; error bars indicate SD. The results are presented as mean of two different experiments with SD (error bar). Each experiment was done in triplicates. (E) Western blotting of CU110 cells stably transfected with *shAKT1*, *shAKT2* or*SCR*. GAPDH was used as a loading control. Quantitation of western blots is shown in right. (F) qRT‐PCR results of *E‐cadherin, vimentin* and EMT‐related transcription factors in CU110 cells stably transfected with *shAKT1, shAKT2* or *SCR* lentivirus. *n*= 3; error bars indicate SD. The results are presented as mean of two different experiments with SD (error bar). Each experiment was done in triplicate.
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Click here for additional data file.
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**Table S1.** List of shRNA used in the study.

**Table S2.** Sequences of primers used for qPCR analysis.

**Table S3.** Information of HNSCC cell lines, p110α level and sphere‐forming ability.

**Table S4.** Information of various inhibitors used in the screening and their major targets.
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Click here for additional data file.
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